Polydimethylsiloxane has been dominantly employed as the substrate material for microchip capillary electrophoresis. The poor surface chemistry, however, generates inconsistent electroosmotic flow under the electrophoretic condition, limiting its broader applications. In this work, different polyelectrolytes, including polydiallyldimethylammonium chloride, polyvinyl sulfate, and dextran sulfate, were successfully deposited onto polydimethylsiloxane microchannel surfaces. The polyelectrolyte coated polydimethylsiloxane microchannel showed improved consistency and reproducibility in electroosmotic flow under an electric field over the uncoated native microchannel.
Introduction
Current work in the field of microchip capillary electrophoresis (CE) see a majority of substrate materials as polydimethylsiloxane (PDMS). [1] [2] [3] [4] [5] [6] Successful applications of PDMS microchip CE include, but not limited to, environmental, genetic, clinical, and pharmaceutical analyses. 2, [7] [8] [9] [10] [11] [12] [13] However, many PDMS microfluidic platforms suffer from sample adsorption onto the PDMS surface and penetration into the PDMS matrix. 3, 14 The hydrophobic PDMS surface strongly interacts with nonpolar and partly nonpolar molecules, making it difficult to wet with commonly used aqueous solutions. 14 As is well known, native PDMS has fewer ionizable surface sites than glass or fused silica. 3, 14 As a result, PDMS microchip CE exhibits a lower electroosmotic flow (EOF), which is the driving force for the movement of molecules in an electric field. The resulting long migration time from low EOF leads to not only a slow separation speed, but also broad peaks, low separation efficiency and low detection sensitivity. Moreover, PDMS tends to absorb/adsorb hydrophobic materials. 3, 14 Inconsistent EOF is commonly observed from different PDMS microchip CE, resulting from different batches of PDMS or different PDMS suppliers. 15 Surface modifications can be used to control the surface charge and EOF in PDMS microchip CE, as well as to prevent nonspecific interactions between nonpolar analytes and the channel wall, all of which are crucial to electrophoretic methods. [16] [17] [18] Recently, Li and Kim presented a glass-like performance PDMS microchannel by coating the channel with a preceramic polymer, allylhydridopolycarbosilane (AHPCS). 19 The coating polymer is hydrolyzed to form hydrophilic silicate glass via phase conversion under an aqueous alkali condition. The silicate glass-coated PDMS channel from AHPCS has an excellent solvent resistance, delivers a high EOF that is stable in the long-term ((4.9 ± 0.1)× 10 -4 cm 2 V -1 s -1 ) and a reliable CE. Another form of surface modification, polyelectrolyte multilayers (PEM), has received much attention in the last decade. 3, 16, 20, 21 By applying differently charged polymers to microchannel surfaces, EOF can be kept as a steady and consistent driving force for the flow. Originally reported by Ladam et al., 22 PEM were successfully deposited alternately on a capillary surface due to strong electrostatic interactions. Although PEM has been used as a form of surface modification for polymer microfluidic devices, systematic studies of PEMs on PDMS microchips have received only minimal attention. 17, 23 In the author's previous study 18 on PEM, the separation channel was coated with a polymer bilayer consisting of a cationic layer of polybrene (PB) and an anionic layer of dextran sulfate (DS). The difference in polarity of PB and PB/DS-coated channels provided stable EOF in different directions with respect to a wide pH range. 18 However, the PB coating only lasts less than 60 runs, and the associated EOF gradually decreased over its lifetime. 18 The short lifetime of the PB coating makes it impossible for practical applications. Therefore, a PEM that has a longer lifetime and supports more stable EOF is highly demanded for a PDMS electrophoresis microchip.
In this work, a multilayer film of anionic polyelectrolyte (polyvinyl sulfate (PVS) or DS) and cationic polydiallyldimethyl ammonium chloride was successfully deposited onto PDMS microchannel surfaces. The EOF of the coated PDMS microchip CE was monitored as a function of the polyelectrolyte layer. The stability of the system as a function of the pH and the layer number was also determined and compared with a native uncoated PDMS microchip. Overall, the PEM-coated PDMS microchip supports a more consistent EOF than a native PDMS microchip, and has a much improved lifetime.
Experimental

Reagents and chemicals
Sodium hydroxide, phosphoric acid, potassium monophosphate, and a Sylgard 184 polydimethylsiloxane elastomer kit were obtained from Fisher Scientific. Polydiallyldimethylammonium chloride (PDADMA), polyvinyl sulfate (PVS), and dextran sulfate (DS) were purchased from Sigma-Aldrich. All chemicals were used as received without further purification. Aqueous solutions were prepared by dissolving chemicals in DI water.
Apparatus/procedures
A battery-powered high-voltage power supply was built in-house, by incorporating a DAC board (Measurement Computing), a DC-DC converter (Ultravolt), a computer, and other electronic elements. PDMS pieces were fabricated by curing Sylgard 184 and its crosslink agent on a master mold at 65 C for 2 h. Reservoirs were made at both ends of the microchannel by opening holes on the PDMS piece with a microchannel pattern via a circular punch. The bare PDMS piece and the PDMS piece with the microchannel pattern were then put into contact with each other after being exposed to air plasma (Harrick) for 40 s. The enclosed microchannel was 50 μm in width, 25 μm in depth, and 5.0 cm in length. Buffers with different concentration were placed in the reservoirs, respectively. A modified current monitoring method was applied to determine the EOF. 18 Briefly, a 1-kΩ resistor was connected to a microchannel in series and the voltage on the resistor was monitored by a digital voltmeter. The time required for the current to reach a plateau was recorded, which was due to complete replacement of the buffer in the microchannel by the second concentration buffer. EOF in the microchannel is determined by
where L is the length of the microchannel, V the applied voltage, and t the time to reach the new current plateau. The data from 12 consecutive runs were used to calculate the average and the standard deviation of EOF at individual pH values.
Results and Discussion
EOF in native channel
PDMS has silanol groups on its surface and supports EOF in an electric field when it is in contact with a buffer solution. For a native uncoated PDMS channel, the EOF varied from 1.38 to 4.31 × 10 -4 cm 2 V -1 s -1 over pH 4.0 to 10.0. The values of EOF were indicated as the data from the bare channel in Fig. 1 . Below pH 3.0, theoretically, no silanol group on the PDMS surface is ionized. As a result, there is no EOF observed at pH 3.0. At pH 6.0 or above, all silanol groups are ionized. Complete dissociation of the silanol groups leads to a relatively consistent EOF under the condition of pH 6.0 and higher. The overall average of EOF measured for pH 6.0 -10.0 is (3.99 ± 0.30)× 10 -4 cm 2 V -1 s -1 (n = 60). A large relative standard deviation (7.5%) indicated that the surface chemistry is poorly reproducible, which is also referred in the literature.
14,15
PDADMA concentration
When PDADMA is dissolved in water, it dissociates as a tertiary amine cation and a chloride anion. When a PDADMA solution fills the channel, a layer of tertiary amine of PDADMA will be deposited on the channel surface due to the electrostatic attraction between the negatively charged PDMS surface and the positively charged tertiary amine group. A nonpolar polymeric chain naturally penetrates in hydrophobic PDMS, further increasing the attraction between the coating and the surface. 14 The channel surface becomes positive with more and more positive PDADMA being deposited onto the surface. As a result, the EOF direction of a positive PDADMA coated channel was reversed from the negative native PDMS channel, which could be seen as a negative sign for the EOF value in Fig. 2 . Different concentrations of PDADMA solution have been tested over a wide range of pH; 1.0 and 3.0 wt% of PDADMA solutions showed similar EOF values over all 4 pHs, while the In general, the channel with 5.0 wt% PDADMA coating gave overall fewer variations, indicating a more uniform surface being formed. With a higher concentration of the coating solution, it is possible for more PDADMA to penetrate into PDMS during the same coating period, producing a more uniform surface.
PDADMA/PVS coating
PVS is a negative polyelectrolyte, and can not be directly deposited on the negative PDMS surface due to the electrostatic repellence between PVS and PDMS. With the positive PDADMA on the surface, however, negative PVS can be naturally attracted to the surface, and reverse the surface polarity. As a result, the EOF direction is reversed from the PDADMA supported EOF, and is the same as the native PDMS channel. EOF on the PDADMA/PVS-coated PDMS microchannel varied from 1.33 × 10 -4 to 2.64 × 10 -4 cm 2 V -1 s -1 over pH 3.0 -10.0, demonstrated as single PDADMA/PVS layer data in Fig. 3 .
The PDADMA/PVS-coated microchip was then coated with PDADMA and PVS, sequentially, one more time. Two layers of the PDADMA/PVS-coated channel showed similar EOF values at pH 3.0, 4.0, and 5.0 to that of one single PDADMA/PVS layer (Fig. 3) . For pH 6.0 -10.0, a single layer of PDADMA supported a higher EOF. A higher charge density in the double layer of PDADMA/PVS may result from more deposition. A double layer also effectively blocks the hydrophobic surface, and therefore a more uniform layer is produced, indicated as a more consistent EOF.
PDADMA/DS coating
DS is a well-known negative polyelectrolyte that supports consistent EOF on a PDMS CE microchip. 18, 23 Previous studies were based on a PB/DS-coated PDMS microchip. 18, 23 No work has been carried out on a PDADMA/DS-coated PDMS microchip. Compared to a PVS coating, a DS coating exhibits a relatively high EOF magnitude. EOF was observed from 1.91 × 10 -4 to 3.45 × 10 -4 cm 2 V -1 s -1 from pH 3.0 to 10.0. A better consistency in the EOF magnitude than that of the native channel was observed, as shown as Fig. 1 . The EOF values show the exact trend from pH 3.0 to 10.0 as in the previous study, and the data are in agreement with a previous report, 18 demonstrating that the DS-coated channel supports a consistent EOF, regardless of the positive polyelectrolyte layer underneath.
Lifetime of coatings
One important feature of the practical application of a polyelectrolyte coating is the lifetime. The lifetime of different polyelectrolyte coatings was investigated by monitoring the EOF of a coated PDMS CE microchip at pH 3.0. At pH 3.0, the native PDMS microchip showed no EOF, due to zero dissociation of the silanol group on the surface; however, the PDADMA coating supported a negative EOF. When the PDADMA coating on the PDMS surface diminishes, no EOF will be measured. No statistical differences were observed in the EOF values on a PDADMA-coated PDMS microchip over a 10-day testing period, which is a great improvement over the PB coating, 18 with an average of (3.50 ± 0.24)× 10 -4 cm 2 V -1 s -1 (n = 60). The data on individual days are shown in Fig. 4 . During the testing period the microchannel was filled with DI water for overnight storage. It was noticed that the EOF of the PDADMA-coated microchip dropped to 1.24 × 10 -4 cm 2 V -1 s -1 on the following day if the channel was air-blow dried prior to the overnight storage. The air applied to dry the channel might have partly broken the electrostatic interactions between the coating and the surface, resulting in a less-charged surface, and therefore a smaller EOF.
The lifetime of the PDADMA/DS and PDADMA/PVS coating was investigated at pH 3.0, respectively, as well. At pH 3.0, the double-layer coating supports a positive EOF due to the negative charges that the DS or PVS layer carries. When the DS or PVS layer is gone, it leads to either a negative EOF, which is caused by the remaining PDADMA layer, or a zero EOF, which is caused by the disappearance of both layers. The experimental results show that the EOF stays consistent over a ten-day period with an average of (2.02 ± 0.15)× 10 -4 cm 2 V -1 s -1 (n = 60) for the PDADMA/DS coating and (1.36 ± 0.09)× 10 -4 cm 2 V -1 s -1 (n = 60) for the PDADMA/PVS coating (see Table 1 ), respectively. 
Conclusions
Different polyelectrolyte (PDADMA, PVS, and DS) coatings were applied to a PDMS electrophoresis chip. A positive PDADMA-coated PDMS channel supported a reversed EOF from the native uncoated PDMS channel, while the negative PVS or DS coating supported the EOF in the same direction as the native PDMS channel. Compared to the native channel, the coated channel showed an improved consistency in the EOF magnitude over a wide pH range. In addition, the deposited PEM on PDMS showed an improved lifetime over the previous study. 
